Abstract. In the article, taking into account the specifics of the drilling operation, especially deep, the analysis of the known mathematical models describing the aspects of ensuring the accuracy and quality of the holes is presented. Based on the results of the analysis of the known mathematical models, it is concluded that the available dependences cover only part of the problem of improving the accuracy, aging the shape of the hole and the quality of its surface. The expediency of development of mathematical models more widely covering technological systems of drilling of holes, especially in difficult materials is shown. An example of the work of the system of stabilization of the load on the drill, where the correction of adjustable values is carried out by the current drilling depth.
Formulation of the problem
Increase of the processing accuracy and reliability of the deep drilling process is achieved by creating and using precise mathematical models of the drilling process, taking into account the specifics of the phenomena occurring in the processing zone and elastic deformations of the technological system.
The specifics of drilling operations, especially deep drilling, is that the tool makes its way in a solid material, without having a rigid direction. The process is further aggravated by the heterogeneous quality of the processed material. In addition, chip formation takes place under conditions of complicated chip removal.
The greater the depth of drilling, the heavier the working condition of the drill. This is further aggravated by the specifics of supplying fresh lube coolant to the cutting zone during drilling, and also greater contact time between the chip, the tool and the workpiece being processed than during the machining, and as a consequence, a significant temperature increase in the cutting area. With increasing depth of processing, the chips are accumulated in the chip stripping ducts, which contributes to the growth of the process power parameters.
Vibration of the tool leads to the formation of the cut of the hole, and the specific nature of the wear of the guide drills causes the formation of a taper and an increased surface roughness. Scratches on the walls of the resulting hole are usually due to the accumulation and packing of chips in the chipping channels of the drill. Dyeing of cutting edges and guides, jamming of chip particles between the formed hole and the drill guides create burrs on the surface of hole formation.
Production and research experience shows that despite a large number of designs on optimization of cutting conditions, improvement of the tool and lube coolant, it is not possible to eliminate the increase in the power load on the drill during its penetration.
The foregoing indicates the advisability of creating control systems for the drilling process in order to improve the quality of hole machining and increase the durability of the core tool.
The article objective is to analyze mathematical models of the technological process of hole drilling in order to improve the methods of protecting the core tool from overload and improve the processing quality management.
The main part
The solution of the objective to improve the processing quality and protect the tool against overloading with the aim of increasing its durability can be achieved by using methods of process characteristics of machines, tools and supplied lube coolant improvement, as well as controlling the cutting modes.
The main effect on the accuracy of the diametrical size, the geometric shape of the hole in the longitudinal and transverse directions, the accuracy of the hole axis direction and the roughness parameters of the resulting surfaces during drilling are due to: -significant adhesion between the tool and the chips; -uneven hardness of the workpiece material; -asymmetrical wear of the drill bits; -asymmetry of sharpening of drill blades. A large drill outreach in combination with its small diameter promotes the appearance of radial components of cutting forces.
Let's analyze the mathematical models of the drilling process that describe various aspects of ensuring the hole quality.
In the paper [1] , a computational and analytical method for determining the error acquired by a part as a result of processing is proposed. The essence of the method is to determine and summarize the individual components of the error. It takes into account the following systematic errors: geometric inaccuracy of the machine (Δ1); wear of the cutting tool (Δ2); thermal deformation of the technological system (Δ3); elastic deformation of the technological system (Δ4); inaccuracy of the machine setting (Δ5); random errors, which depend on the uneven hardness of the workpiece being processed (Δran1); measurement error (Δsl2).
Thus, the total error can be represented as:
In a single and small-scale production, only systematic errors are necessarily taken into account.
Formula (1) determines the error in the size of the processed surface, and in order to evaluate the error of the geometric shape it is necessary to determine the difference in the resulting corresponding dimensions of the part with the dimensions of the drawing.
In formula (1), the elastic deformations caused by the non-rigidity of the tool (in our case this drill being the least rigid of the entire list of the blade tools) are included in the component Δ4, which takes into account the elastic deformations of the technological system.
In the paper [2] , the effect of the radial component of the cutting force on the elastic tool line is represented by the formula ( )
where Fp is the value of the radial force acting on the drill bit; E is modulus of elasticity of the drill material; J is the moment of inertia of the cross section of the drill; x is the coordinate of the cross section; l is the length of the working part of the drill bit. The initial displacement of the drill axis in the same paper [2] is proposed to be determined from the formula
and the magnitude of the angle of inclination of the axis at its vertex from the formula
The drill run-out value by the completion of the drilling process is suggested [2] to be defined as
where ey is the amount of drill displacement from the center of the workpiece; αy is the angular error due to incorrect setting of the workpiece base relative to the axis of the machine spindle. It is considered [2] that the errors ey and αy are relatively small and can be eliminated in the adjustment process.
The second and fourth terms of the formula (5) respectively show the initial displacement (l) and the angular error of the hole axis when the drill is inserted.
In the paper [3] , based on the results of extensive analysis of the causes of drift during deep drilling, the magnitude of the axis drift in any cross-section as a result of the heterogeneity of the billet material was proposed to be determined from the dependence
where yi and zi are the drift components determined by the dependences 
In dependences (7) and (8) it is customary to:
y0 and z0 are the coordinates of the tool's entry into the workpiece; αy and αz are the angular errors when the tool is inserted into the workpiece; By and Bz are dimensionless functions that determine the transverse deviations of the drill under the influence of the hardness variations in the workpiece material.
These models do not take into account the elastic properties of the technological system, which have a significant effect on the accuracy of processing and power parameters.
In the paper [4] , the task of controlling the machine system when drilling deep holes was set in order to optimize depressions. The machine system model is represented as follows.
where
is the state vector of the controlled system; f is the vector of external disturbances; u is the control vector; a, b, c are matrices of constant factors.
A number of studies [5] [6] [7] [8] are aimed at establishing the causes of the sourcing and development of oscillations of a relatively small amplitude accompanying the cutting processes. The nature of the oscillations during machining with the shank tool is considered to be dependent on the number and location of the cutting edges, the length of the tool, the shape of its cross section, the cutting mode, the composition of the supplied lube coolants, the uniformity of the material being processed.
In the paper [8] the mathematical model of the oscillatory system is considered as a differential equation:
where M is the reduced mass of the system; j is the system stiffness; Ff is the feed force. Considering equation (10) with respect to drilling, it can be stated that it does not take into account the possible radial forces that are unavoidable for this process. The latter is said to significantly determine the accuracy of processing and the surfaces quality of the holes obtained. In the paper [2] , the excess unbalanced radial component is estimated as having a dominant effect on the geometric shape of the hole being made.
The differential equation of motion under the action of the elastic reaction of the tool in [8] is presented in the form:
where F is the elastic response of the tool; m is the reduced mass; Fp is the radial force projection; c is the damping factor. Mathematical models of the accumulated drifts of spiral drills along the hole length in [9] are presented in the form 
where x is the drill out of the chuck; y(x), z(x) are the projections of the displacement vector r(x) on the horizontal and vertical planes; z0 is the linear errors in the initial direction of the drill in the vertical plane; x0 is the distance from the point where the drill is fastened to the workpiece; q is the distributed load from the mass of the drill; s is the cross-sectional area of the drill; EJ is the bending rigidity of the drill. Next, we consider the available design developments to protect the core tool (drills) from overloads, in order to increase its resistance.
The main force parameters of the drilling process, which determine the working conditions of the tool, are the axial force and the torque applied to the drill.
The restriction on the drill strength according to [9, 10] , we express as
provided that
where σeq is the maximum value of the equivalent stress arising from the combined action of the axial force and the torque applied to the drill;
[σ] -the limiting value of the destructive stress; a and c are the factors selected depending on the drill material used; Ff is the axial component of the cutting force; The constraint on strength can be expressed more simply
While a certain depth is reached, the restriction of the axial force loses significant significance. The torque is becoming dominant, and it is necessary to stabilize it with the help of the drilling process control system.
A number of studies [9] [10] [11] showed that the torque restriction is especially important at the initial stage of the drilling operation, when the free part of the drill bit is still large enough. Fulfillment of such a restriction at the initial stage does not allow the development of an incorrigible drift of the drill.
In [12] an option of the automatic control system (ACS) containing two circuits is proposed: axial force control and torque control. Correction of the adjustable values is carried out in the proposed system according to the current drilling depth. The figure shows the scheme of this system as in [13] . Fig. 1 . The diagram of the drill load stabilization system [13] : 1-drill; 2 -chuck; 3 -retainer; 4 -movable shutter; 5 -guide; 6 and 7 -axial force and torque sensors; 8 -axial force and torque measurement unit; 9 -threshold element; 10 and 11 -regulators; 12 -quick-approach and reverse speed sensor; 13 -drive control system; 14 -logic block; 15 -threshold element; 16 -movement sensor.
The tool before the drill is in contact with the workpiece is fed at a fast feed rate, its speed is determined by sensor 12. The movable shutter 4 fixed to the desired position overlaps the LED of the sensor KD1 and the shift to the working feed occurs.
In case of an unacceptable reduction in the speed of the drillaxial feed, the threshold element 15 is triggered, while at the output of the logic block 14 a signal is sent to the intermediate removal of the drill for cooling and forced chip removal.
The measuring unit 8 connected via the element 9 to the logic block 14 determines the maximum permissible torque applied to the drill. In case of sharp torque overloads of the drill, the element 14 sends a signal to its intermediate removal.
The movement sensor, as the depth of drilling increases, changes the signal strength, by the value of which the relay element KM2 reacts.
Estimating the value of the two power factors, starting from a certain depth of drilling, the switchover from the axial force control to the torque control occurs.
The shutter 4 moves in the process of retracting the drill bit at a quick feed (retraction) along with the guide 5. When the cutting edges of the drill come out of the hole, the KD2 sensor is triggered, the tool's reverse is stopped and the drill returns to the end point of the previous drilling by fast feed. Before the drill strarts cutting, the transmission of the machine is switched to the speed of the working feed.
Structural diagrams of devices for protecting drills from overloads are many, for example, author's certificates [14] [15] [16] [17] [18] [19] .
1. The above analysis of known mathematical models shows that the available dependencies cover only part of the problem of increasing accuracy, keeping the shape of the hole and the quality of its surface. It is advisable to develop mathematical models that more broadly cover the technological systems of holes drilling, especially in hard-to-cut materials, taking into account the characteristics of the supply of coolant-lubricants and their composition.
2. There is a number of methods to stabilize the load on a drill with high speed determining the mode of tool overload and allowing for feed control.
